Hydraulic cylinders are commonly used as actuators in drive systems. Their main advantage is the ability to operate with large forces, while having small dimensions and relatively simple installation. Both fixed and variable capacity pumps can be used to supply hydraulic cylinders. In general, variable capacity pumps provide better power management and speed control, but they are more expensive and require dedicated electronic controllers. In the case of constant-capacity pumps, the actuator speed can be controlled hydraulically, using the system of control valves. Usually, flow regulators or throttle valves are used for this purpose.
INTRODUCTION
Hydraulic cylinders are commonly used as actuators in drive systems. Their main advantage is the ability to operate with large forces, while having small dimensions and relatively simple installation. Both fixed and variable capacity pumps can be used to supply hydraulic cylinders. In general, variable capacity pumps provide better power management and speed control, but they are more expensive and require dedicated electronic controllers. In the case of constant-capacity pumps, the actuator speed can be controlled hydraulically, using the system of control valves. Usually, flow regulators or throttle valves are used for this purpose.
The adjustment of a hydraulic actuator speed that depends on the payload value allows the working time to be shortened as well as the efficiency of the fluid stream energy conversion to mechanical energy to be improved. This subject has been undertaken in numerous scientific publications, and several different ways to solve it can be found. One group of solutions is based on the use of a variable displacement pump and proportional control valves with sensors, transducers, and a digital controller. A two-level idle speed control system with a hydraulic accumulator for an excavator was proposed by Lin et al. [1] to reduce energy consumption and improve the control performance of the actuator when the idle speed control is switched off. Experimental results showed high energy efficiency and excellent control performance of the automatic switching system between the first idle speed, the second idle speed, and the normal operating speed of a hydraulic cylinder. Pérez et al. [2] presented a robust controller for the hydraulic actuator force control, while Wang et al. [3] proposed a novel position-pressure master-slave controller for the hydraulic servo system. Moreover, Wang and Wang [4] developed an energy-saving control strategy with a load-sensing structure including a load-sensing pump, a proportional relief valve, a throttle valve, and an adaptive control algorithm.
The second group includes solutions based on the appropriate configuration of hydraulic control valves, without the use of advanced digital controllers. Liu et al. [5] showed a direct proportional flow control system with a load pressure compensation feature on a load control valve. The proposed solution provides
a flow through the control valve to be proportional to the pilot pressure in the control stroke and thus decides the overrunning load lowering speed control performance of the whole system. A novel method of design for hydraulic robotic lifting equipment was designed by Adeoye et al. [6] . The method involves the use of a flow control valve and a pressure relief valve for stroke speed adjustment of a lifting device with a hydraulic cylinder. Another design example of a pilot-assisted load control valve for proportional flow control based on dynamics modelling was presented by Xie et al. [7] . The flow through the designed valve is proportionally controlled by pilot pressure. The static and dynamic flow control performance of the valve has been validated by the tests made in a mobile crane lifting and lowering system. Similarly, Man et al. [8] proposed an energy regeneration system with the accumulator that can reduce the energy consumption of hydraulic impulse testing equipment by 15 %.
This article discusses the possibility of increasing the speed of movement of a single-sided hydraulic cylinder using a fluid stream from the return line. Usually, a fluid stream in the return line is not used, since it goes straight to the reservoir. On the other side, directing the return stream to the supply line instead of the fluid reservoir causes a significant increase in the inflow rate to the actuator. This situation may arise only when the piston rod of the cylinder is not fully loaded on the part of its movement range. However, it occurs quite often in practice, e.g., in the hydraulic system of a press for garbage compression, an extruder, a cutter, a squeezer, etc. The use of the return fluid stream gives a possibility of an increase in a piston rod speed of movement even by several times, depending on the hydraulic cylinder geometry (ratio of cylinder and rod diameters) as well as the range of the movement in which the cylinder is not fully loaded. According to the presented literature analysis, such a system requires the use of appropriate control, which may be electronic or hydraulic. In general, hydraulic control is less expensive and easier to apply, since it does not require transducers or microprocessor chips; however, it is less accurate. Hence, a solution in the form of a novel control valve has been proposed. The valve consists of a throttle valve and a differential valve controlled by the pressure difference between the supply line and the return line. Simulations were carried out to prove that the use of the return fluid stream gives the possibility of even a threefold increase in the piston rod speed of movement. The results of the numerical analyses were then verified on a test bench where the valve prototype was tested. Speed characteristics of the piston rod as a function of both payload and throttle valve setting were obtained, achieving a high level of convergence with the simulation results. It has also been confirmed that the proposed solution is accurate enough and can be an advantageous option in practical applications.
WORKING PRINCIPLE OF ANALYSED VALVE
A flow control valve UZFD6 shown in Fig. 1 is the subject of the analysis. The valve consists of a monolithic block inside of which flow paths have been hollowed out. Also, a differential valve (3) and two throttle check valves (1), (2) have been placed in the block. The valve is adapted for a direct connection to the electrically controlled WE6-type control valve. For this purpose, appropriate P, T, A 1 , B 1 connection channels have been made on both sides of the valve body. A cross-section through the differential valve is presented in Fig. 2 . As seen in the figure, a one-stage poppet valve has been applied. Flow through the valve occurs when the hydrostatic force coming from the p t pressure exceeds the sum of the hydrostatic force coming from the p s pressure and the initial F s3 spring tension. 
MODEL OF THE SYSTEM
In the first stage, a mathematical model of the system was formulated using equations of movable element motion, flow equations through gaps, balances in the separated volumes and geometric relationships. Next, a simulation model was built by introducing the obtained equations to the Matlab-Simulink system.
Formulating a Mathematical Model
A mathematical model of the system was built according to a numerical modelling methodology, which was first proposed by Watton and Nelson [9] , and then used by Naseradinmousavi and Nataraj [10] and Casoli et al. [11] among others. It comprises equations of motion, flow balances of isolated volumes, flow equations through throttle gaps and orifices, and geometrical equations. A schematic of the modelled system is shown in Fig. 5 . The model takes into account the case of supplying the hydraulic actuator on the side without the piston rod. Thus, the rod slides out from the cylinder. Without the flow through the differential valve (Q 3 = 0), theoretical speed can be easily calculated from Eq. (1). Moreover, in this case, the speed in the opposite direction is higher, since the active cylinder area is reduced by the rod area.
In a system with a differential valve, which directs the return stream from the actuator back to the supply line, it is possible to significantly vary the speed of the piston rod, using the same fixed-speed pump. The obtained speed of the rod may be lower, equal to or higher than the return movement speed. However, the calculation of the piston speed is now far more complex, since the flow rate Q 1 = Q p -Q 5 + Q 3 , where Q 3 depends on the payload and the throttle valve settings. The next paragraphs present the process of a mathematical model formulating. The input function is a Q p volumetric flow rate generated by the pump. The flow rate value is assumed to be constant except the t start start-up time, when it increases linearly.
The flow balance of the supply line is used to calculate the supply pressure:
Similarly, for the load line the following equation is valid:
The Q 1 and Q 2 flow rates are determined using the piston rod equation of motion:
Having determined v cyl (t), the unknown flow rates can be calculated:
The determination of Q 3 requires the equation of the differential valve poppet motion:
The range of the x 3 poppet movement is 0 5 mm. The Q 3 (t) flow rate through the gap is calculated from Bernoulli's equation, assuming that p t (t) ≥ p s (t). Otherwise, Q 3 (t) = 0.
where the A 3 (t) gap for a standard poppet version with a flat head has a ring shape of D 3 diameter (Fig. 2) . Therefore, the gap area is:
The Q 4 (t) throttle valve flow is calculated similarly to Q 3 (t), except that in this case the throttling gap has a fixed area, depending on the x 4 pin position. The gap area can be adjusted by the operator using the valve knob (Fig. 4) 
The Q 5 (t) flow rate through the relief valve is also based on a poppet position, whose equation of motion has the following form:
dv dt 
The F s5 initial spring tension provides opening of the valve when the pressure in the supply line exceeds 20 MPa. In this case, a cylindrical gap of D 5 diameter and x 5 width is formed. Hence, the flow rate can be calculated as:
where:
The presented system of 16 equations: Eqs. (2) to (17) 
Building a Simulation Model
A simulation model was created using a block diagram technique, which is default for research conducted in Simulink. Block diagram models of hydraulic systems were created and analysed, e.g. by Kuehnlein et al.
[12], Rybarczyk et al. [13] , Milecki and Rybarczyk [14] and Muller and Fales [15] . The authors of this article also have experience in the analysis of hydraulic systems using block diagram models. This technique was used for modelling of a multi-section proportional directional control valve [16] and a proportional flow control valve [17] . A general view of the created simulation model is shown in Fig. 6 .
Individual blocks represent the main hydraulic components, while the connectors indicate particular signals, such as pressures and flow rates. The Q p (t) input signal is a flow rate generated by the pump. First, the p s (t) supply line pressure is calculated in the Balance_pump_cyl subsystem. Then, the pressure signal is sent to the blocks representing hydraulic components, in order to determine flow rates: Q 1 (t), Q 2 (t) in Hyd_cylinder_both_sides_flow, and respectively Q 3 (t) in Differential_valve_flow and Q 5 (t) in Relief_valve_flow. Flow rate values are next used to calculate the p t (t) load line pressure in the Balance_cyl_ret block. The pressure signal is directed to valve blocks, closing the system and allowing the Q 4 (t) throttle valve flow to be determined in the Throttle_valve_flow subsystem. There are also three parameters that can be updated by the user before the simulation starts. Values of the F_load_N payload force and the x4_mm throttle valve position may be entered directly by editing the block properties, while the return line pressure, which is used in multiple blocks, can be changed using a p_return system variable. The fluid temperature has been assumed to be approximately constant (T = 293±2 K), which results in constant density and viscosity. Several significant geometric dimensions and parameters of the fluid adopted for the simulation model, which is hydraulic oil HL 46, are shown in Table 1 . 
MPa
Simulations were carried out using a 4 th order, built-in, variable-step solver of Simulink. The values Table 2 . In general, the research was aimed at estimating the piston rod speed as a function of the throttle valve gap width and the payload force. Therefore, the simulations have been conducted for the Cartesian product of the following throttle gap widths: The results include x cyl (t) piston rod displacement against time and the following flow rate values: a Q 1 (t) hydraulic cylinder inflow rate, a Q 3 (t) differential valve flow rate and a Q 4 (t) throttle valve flow rate. It arises from the charts that in the case when the payload force is low (Fig. 7) , additional stream Q 3 from the return line gives a considerable increase in the piston rod speed. In contrast, if the payload force is higher than a threshold value (Fig. 8) , the flow through the differential valve is cut off (Q 3 = 0) and the rod speed is more than two times lower. Figs. 9 to 11 show summary charts of the piston rod displacement obtained for the following values of the throttling gap width of x 4 = 0.5 mm, x 4 = 1.0 mm and x 4 = 1.5 mm, respectively, while the v cyl = f (x 4 , F load ) resultant surface created on the basis of the values is shown in Fig. 12 . As seen in the figures, if the gap width is relatively small (x 4 = 0.5 mm), the speed of the cylinder rod which depends on the payload force, shows a clear division into two areas. The simulations allowed a threshold value to be determined, which was F load = 12.8 kN. For F load ≤ 10 kN, the hydraulic actuator rod reaches the speed of v cyl = 120 mm s -1 to 150 mm s -1 . In contrast, when F load ≥ 20 kN, the speed decreases dramatically to the value of v cyl < 20 mm s -1 . The increase in the throttling gap width makes the range of hydraulic cylinder rod speed change to be significantly reduced. However, the speed obtained for the threshold value of the payload is similar, regardless of the gap width of v cyl = 75.9 mm s -1 for x 4 = 1.0 mm and v cyl = 80.4 mm s -1 for x 4 = 1.5 mm. The results also indicate that the difference in the piston rod speed for x 4 ≥ 2.0 mm is negligible. The average values of the piston rod speed are presented in Table 3 . 
TEST BENCH EXPERIMENTS
The results of simulations were verified on a test bench using a prototype of the valve. The test bench has been built according to the schematic shown in Fig. 13 .
Fig. 13. Test bench schematic: (1) pump, (2), (10) relief valve, (3)
differential valve, (4) , (9) throttle valve, (5) hydraulic actuator, (6) , (8) , (11) check valve, (7) control valve, (12) LVDT transducer, (13) pressure transducers, (14) 
flow meter, (15) DAQ card and PC
The supply unit includes a pump (1) and a relief valve (2) . The UZFD6 prototype valve consists of a differential valve (3), two check valves (6), (8) and two adjustable throttle valves (4), (9) . The UZFD6 valve is rigidly connected to the control valve (7), which provides flow continuity through the P supply port, the T return port, and the A 1 -A 2 , B 1 -B 2 operating ports. Depending on the u ster control valve settings, the right or left side of a hydraulic cylinder (5) is supplied. When the piston rod is sliding out (P -B 1 ) , the payload force is generated by a pressure relief valve (10). Otherwise (P -A 1 ), the fluid flows through the check valve (11) . A manually operated VS350 Parker valve was used as a payload generator. Flow characteristics of the valve are shown in Fig. 14 .
All input and output signals are managed by a NI PCIe-6321 card with a SCB-68A wiring terminal. The following parameters are measured and acquired during the experiments: Q = Q p -Q 5 supply flow rate (14) , x cyl rod displacement (12) , and pressures, respectively p s in the supply line, p load in the load line and p t in the return line (13) . The u ster signal allows an operator to change the control valve (7) setting during the experiment. A general view of the test bench is shown in Fig. 15 , and the valve prototype can be seen in Fig. 16 . (7), (9) Before each laboratory test, the piston rod is set to x cyl = 0.0 mm. Next, the p load load line pressure and the x 4 throttle valve gap width are set by means of knobs of the relief valve and the throttle valve. The power supply is turned on, the control valve is set to the P -B 1 position, and the rod moves out. After reaching the maximum extension, an operator sets the control valve to the P -A 1 position, and the rod moves in the opposite direction, returning to the starting position.
The actual value of the payload force can be calculated basing on the difference between the load line pressure and the return line pressure:
Example results of the laboratory tests obtained with a fixed position of the throttle valve pin The average values of the piston rod speed obtained during the test bench experiments are presented in Table 4 . It was taken into account that, unlike simulations, the actual payload force values for individual tests were not exactly the same. A resultant surface of v cyl = f (x 4 , F load ) based on the experimental piston rod speed values is shown in Fig. 22 .
The comparison of simulation results (Figs. 7 to 12, Table 3 ) with the laboratory experiments (Figs. 17 to 22, Table 4) show a high degree of convergence. In both cases, the obtained values of piston rod speed are close. Furthermore, a clear difference in piston rod speed that depends on the payload force can be observed. 
SUMMARY
This article provides an analysis of an innovative valve that uses the energy of a return fluid stream from a hydraulic actuator to increase the piston rod speed of movement. At the beginning, a mathematical model was formulated. Next, piston rod speed was determined for various variants of the payload force and the flow rate through the throttling valve using Matlab-Simulink. To validate the results of the theoretical analysis, a test bench was built. The laboratory tests carried out at the bench were analogous to those conducted during simulations. The obtained experimental results confirmed that redirecting the return flow from the actuator to the supply line can more than double the movement speed of the piston rod operating at low load. In general, the proposed solution is advantageous, since it provides significant shortening of the operating time due to the speed increase without the need to install a more efficient pump and thus not only reduces energy demands but is also cost-effective. Compared to the commonly used direct connection between the supply line and the return line, the proposed solution is more adjustable. In addition to the speed increase, it also provides speed reduction under large load and, due to the sandwich type connection port arrangement, it can be easily installed in existing systems without the need to use additional equipment.
